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Abstract 

The liver plays a vital role in hematopoiesis during mammalian prenatal development but its hematopoietic output declines 
during the perinatal period. Nonetheless, hepatic hematopoiesis is believed to persist into adulthood. We sought to model 
human adult-liver hematopoiesis by transplantation of fetal and neonatal hematopoietic stem cells (HSCs) into adult 
immunodeficient mice. Livers were found to be engrafted with human cells consisting primarily of monocytes and B-cells 
with lesser contributions by erythrocytes, T-cells, NK-cells and mast-cells. A resident population of CDl 17^CD203c'^ mast 
cells was also documented in human midgestation liver, indicating that these cells comprise part of the liver's resident 
immune cell repertoire throughout human ontogeny. The murine liver was shown to support human multilineage 
hematopoiesis up to 321 days after transplant. Evidence of murine hepatic hematopoiesis was also found in common 
mouse strains as old as 2 years. Human HSC engraftment of the murine liver was demonstrated by detection of high 
proliferative-potential colony-forming cells in clonal cultures, observation of CD38~CD34^ and CDl 33^CD34^ cells by flow 
cytometry, and hematopoietic reconstitution of secondary transplant recipients of chimeric liver cells. Additionally, chimeric 
mice with both hematopoietic and endothelial reconstitution were generated by intrasplenic injection of immunodeficient 
mice with liver specific expression of the urokinase-type plasminogen activator (uPA) transgene. In conclusion, the murine 
liver is shown to be a hematopoietic organ throughout adult life that can also support human hematopoiesis in severely 
immunodeficient strains. Further humanization of the murine liver can be achieved in mice harboring an uPA transgene, 
which support engraftment of non-hematopoietic cells types. Thus, offering a model system to study the interaction of 
diverse human liver cell types that regulate hematopoiesis and immune function in the liver. 
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Introduction 

The liver is the primary site of hematopoiesis during tlie latter 
half of human embryonic development through midgestation 
[1,2]. Fetal liver hematopoiesis is highly skewed towards erythro- 
poiesis, being comprised of a plethora of erythroid progenitors and 
immature red cells [3,4]. Multilineage hematopoiesis does occur in 
the liver as evidenced by the presence of myeloid and lymphoid 
progenitors in addition to the hematopoietic stem cells (HSCs) 
found in the developing liver [5-7] . At the start of the second 
trimester of gestation hematopoiesis also begins in the bone 
marrow (BM), which eventually surpasses the liver as the primary 
site of hematopoiesis in the second half of gestation [8,9]. Although 



liver hematopoiesis wanes early in human ontogeny, remnants of 
hematopoiesis are believed to persist into adulthood. 

In young-adult mice (6-8 weeks old) the presence of a resident 
population of hematopoietic cells has been demonstrated in the 
liver with the characteristics of HSCs and early progenitors [10]. 
These cells had hematopoietic colony-forming potential in vitro 
and could form splenic colonies when transplanted into lethaUy- 
irradiated recipients. The adult murine liver was also shown to be 
a site of extrathymic T- and NK-lymphopoiesis arising from a 
population of parenchymal CD 11 7^ (c-kit) cells [11,12]. More- 
over, transplant experiments demonstrated long-term multilineage 
hematopoietic reconstitution by purified CD 117'*' or lineage" 
SCA-l'*' CD 11 7'*' liver-derived cells indicating the presence of a 
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population of HSCs [11,13]. In addition, a highly enriched 
population of HSCs, defined by low staining with the dye Hoechst 
33342, has also been described in the liver [14]. These cells were 
similar to those found in the BM but, interestingly, do not express 
GDI 17, in contrast to the earlier reports. This liver cell population 
could, nonetheless, arise from transplant(;d BM cells. 

Human hematopoietic progenitors have been isolated from 
adult liver biopsies and resections based on their expression of 
CD34 [15]. About half of these CD34"^ liver cells expressed the 
common leukocyte antigen CD45 indicating that they are 
hematopoietic in nature, as opposed to being endothelial cells or 
some other non-hematopoietic 0034""" cell type. 0034"*" liver cells 
were also found to express CD38 and HLA-DR, both antigens 
found on adult hematopoietic progenitors, but not stem cells [16]. 
Myeloid, erythroid and mixed lineage colony-forming cells (CFCs) 
were detected in cultures further indicating the presence of 
hematopoietic progenitors [15]. Moreover, the presence of HSCs 
in the human adult liver is strongly suggested by the presence of 
cells widi die phenotypic profile of HSCs, CD38"CD90''CD34'" 
and HLA-DR °"CD34 , capable of hematopoietic engraftment of 
immunodeficent mice [17]. 

Further evidence that HSCs reside in adult liver derives from 
obser\ ations of blood chimerism after liver transplantation. BM 
biopsy after orthotopic hver transplantation revealed engraftment 
by CD34'"CD38"HLA-DR'°" cells, possibly representing HSCs, 
as well as hneage-committed progenitors of donor origin [18]. As 
HSCs are normally found in small numbers in the peripheral 
circulation, blood trapped within the livci at the time of transplant 
was a possible source of the engrafted HSCs. However, perfusion 
of the liver prior to transplant likely depleted the number of blood- 
borne HSCs. Other transplant cases have also resulted in 
hematopoietic chimerism and support the conclusion that the 
aduh liver harbors HSCs [19,20]. 

Questions remain surrounding the role of hematopoiesis in the 
adult liver. Do HSCs reside in the liver throughout ontogeny and 
to what degree to they contribute to hematopoiesis and the in situ 
development of blood cells found in the liver, thereby contributing 
to the overall immunological functions of the liver [10]? 
Immunodeficient NOD.Cg-Prkdc"''' I12rg'™'^jVSzJ (NSG) mice 
humanized by transplantation of HSCs offers a small animal 
model to study human hematopoiesis. In one previous study only 
0.18% human cells were detected in the livers of NOD.Cg- 
Prkdc'"'' (NOD-SCID) mice transplanted with CD34'' umbilical 
cord blood (UCB) cells [21]. Similar transplants performed in 
Rag2~^~y(;~^~ mice gave rise to the presence of human dendritic 
cell populations in the liver [22]. More recently, we observed by 
flow cytometry the presence of human hematopoietic cells, 
including candidate HSCs, in the livers of adult transplanted 
NSG mice [23]. Herein, we report on an extensive evaluation of 
human hematopoietic cell populations that can be found in the 
livers of chimeric mice. We demonstrate that the liver harbors a 
diversity of mature blood cells representing lymphoid, erythroid 
and myeloid cell types. One notable finding was the presence of a 
population of human mast cells in the murine livers. The existence 
of mast cells in fetal hematopoietic tissues used as grafts was also 
investigated. Chimeric mice were evaluated for the presence of 
adult liver hematopoiesis and evidence that the adult murine liver 
can support a population of human HSCs. 

Materials and Methods 

Ethics Statement 

Human fetal tissues were obtained from elective abortions and 
UCB was obtained from live births with the written consent of the 



wom('n undergoing the procedures at San Francisco General 
Hospital and Moffitt Hospital, University of California San 
Francisco, USA. This research was performed with the approval 
of the University of California San Francisco's Committee on 
Human Research. All specimens were anonymous. 

Animal research was performed with approval of the Institu- 
tional Animal Care and Use Committee at ISIS Services IXC 
(San Carlos, CA, USA), protocol numbers lAC 1101/ANS 1515, 
lAC 1438/ANS 1795, lAC 1294/ANS 1665, lAC 1179/ANS 
1578 and lAC 1567/ANS 1908. Additionally, some experiments 
were performed at the University of California San Francisco with 
approval of the Committee for Animal Research at that institute, 
protocol number AN079387. Every effort was made to reduce the 
number of animals used for this study through tissue-sharing and 
coordinated analysis of transplanted mice to simultaneously 
investigate multiple experimental parameters. All animals were 
adults (> 8 weeks of age) at the time of sacrifice; the weights of the 
animals varied depending on age and sex, and likely fell in a range 
of 20^0 g. 

For intra-splenic transplants, mice were deeply anesthetized by 
inhaled vaporized-isoflurane. Mice received humane care accord- 
ing to the criteria oudined by the National Research Council's 
Institute of Laboratory Animal Resources in the "Guide for the 
Care and Use of Laboratory Animals". A completed ARRIVE 
(Animal Research: Reporting of In Vivo Experiments) checklist 
provided by the National Centre for the Replacement, Refinement 
and Reduction of Animals in Research is found in supplementary 
data file Checklist SI. 

Human tissues and cell isolation 

The age of each fetus was estimated based on foot length and 
ranged between 15 and 24 weeks' gestation. Human fetal bone 
marrow (hFBM), light-density fetal liver (LDFL) and light-density 
UCB depleted of mature blood [:ells; i.e. lineage (Lin) antigens: 
CD3, CD14, CD19, CD20, CD56 and CD235a; were used as 
sources of hematopoietic cells [24]. Light-density, erythrocyte- 
depleted or Lin cells were prepared from human fetal livers (hFL) 
as previously described [25] for flow cytometric analysis. 
Hematopoietic precursors, intended for transplantation, were 
sorted from Lin LDFL stained with CD34-allophycocyanin 
(APC) and CD45-fluorescein isothiocyanate (FITC) monoclonal 
antibodies (mAbs) for isolation of CD34^CD45^ cells. Alterna- 
tively, these cells were stained with CD34-APC and CD38- 
phycoerythrin (PE) for isolation of CD38~CD34"^ cells that are 
enriched in HSCs [25]. Cell sorting was performed using a BD 
FACSAria III (BD Biosciences, San Jose, CA, USA). All mAbs 
used in this study are listed in Table SI. 

Generation of human-mouse hematopoietic chimeras 

This study was initiated using male and female NOD-SCID 
mice. In early experiments, NOD-SCID mice received 300 cGy y- 
irradiation and donor cells were injected together with 2xlO' 
lethaUy-irradiated (3000 cGy y-irradiation) hFBM cells used as 
carrier cells. 

NSG mice were used instead of NOD-SCID mice once the 
NSG strain became available to us. Indeed, the possibility of 
achic\-ing higher 1c\t1s of human chimerism in NSG mice' led to 
most experiments being performed using this strain of mice. Both 
male and female NOD-SCID and NSG mice were used as 
indicated in the Results section and figure legends. Breeder pairs of 
both strains were purchased from Jackson Laboratories (Bar 
Harbor, ME) and raised at our institute. These mice were housed 
under specific-pathogen free conditions and given antibiotic-laced 
feed after irradiation and/or human cell transplantation as 
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previously detailed [23]. Hematopoietic chimeras were created by 
transplantation of human hematopoietic precursors into X-ray 
irradiated (175-275 cGy) NSG mice by intravenous (i.v.) tail vein 
injection. 

Additionally, male and female NOD.Gg-Prkdc""' IKrg""'''^"^ 
Tg(Alb-Plau)ll-4/ Shijic (uPA-NOG) mice [26] were used as 
recipients of intra-splenic transplants delivered without prior 
irradiation or carrier cells. 

Any mice that fell ill as a result of natural causes or due to 
experimental procedures were sacrificed according to protocol 
approved guidelines. At the time of sacrifice, animals were 
excluded from the study if splenic, hepatic or thymic tumor 
formation was observed or if they exhibited signs of graft versus 
host disease (GvHD) such as severe hair-loss or gross splenomeg- 
aly. 

Tissue harvest and cell preparation 

Livers and spleens were harvested from mice after GO2 
asphyxiation and cervical dislocation. BM was obtained by 
flushing both femora. In some experiments peripheral blood was 
harvested by orbital enucleation of mice given inhalation 
anesthesia and collection of the blood in heparinized tubes. 
Hematopoietic tissues were then collected from these mice after 
cervical dislocation. Hematopoietic cells were isolated from livers 
and spleens by passing these organs through 100 (X cell strainers 
(BD Biosciences) and isolating light-density 1.077 g/ml) cells as 
previously described [23]. 

For experiments on old-age untransplanted mice, light-density 
BM cell.s were prepared for comparison to similarly prepared liver 
samples. Balb/cJ, C57BL/6J and G3H/HeJ mice were bought 
from Jackson Laboratories as young adults and housed at our 
institute. 

Livers harvested from uPA-NOG mice transplanted by intra- 
splenic transplantation were disrupted by enzymatic digestion, as 
described [27], to preserve the viability of non-hematopoietic li\-c'r 
cells. Digested liver cell suspensions were held in 50ml tubes and 
allowed to separate, for approximately 5 minutes, into quickly- 
settling high-density and the remaining low-density cells. These 
two cell fractions were analyzed separately. 

Liver cell counts ^\•cr<■ performed using a hemocytometer with 
trypan blue (Life Tc-chiiologies, Grand Island, NY) staining for 
exclusion of dead cells or with a Scepter Handheld Automated 
Cell Counter with 60 jtm sensors (EMD MiUipore Corporation, 
Billerica, MA, USA). 

Phenotypic analysis 

Washed cells were suspended in blocking buffer consisting of 
PBS supplemented with 0.01% NaNs (Sigma Chemical Co., St. 
Louis, MO, USA) and 5% normal mouse serum. When mouse 
cells were present, 2 |xg/mL rat anti-mouse GD16/CD32 niAb 
(BioLegend, San Diego, CA) was also added to the blocking buffer 
to reduce non-specific binding of mAbs. Cells were stained with 
fluorochrome-labeled mAbs (Table SI) for 30 minutes. Samples 
were washed twice with PBS supplemented with 0.3% bovine 
serum albumin (Roche Diagnostic Corporation, Indianapolis, IN, 
USA) and 0.01% NaNs then suspended in the same solution 
containing 2 (Xg/mL propidium iodide (PI; Invitrogen, Carlsbad, 
CA, USA) used to stain dead cells. Sample analysis was performed 
using an LSR II flow cytometer (BD Biosciences). 

Data were analyzed using Flowjo software, version 9 (Tree Star, 
Inc., Ashland, OR, USA). Only single live cells were considered 
for analysis based on gating PI~ events and doublet discrimination 
(Fig. SI A). Additionally, human cells were identified among 
murine cells by their expression of CD59 and a lack of expression 



of the murine antigens TER-1 19, CD45 and H-2K'* [23]. All flow 
cytometric data on human cells harvested from murine tissues 
represent events gated in this manner. 

For the analysis of human mast cells, an additional light-scatter 
gate was used to focus in on events with a low side-light scatter and 
moderate forward scatter that enriched for CD 1 1 7"'"CD203c"'" mast 
cells. The percentages of positive events in univariate comparisons 
made on mast cells, as well as other cell populations, were 
calculated using super-enhanced Dmax subtraction using isotype- 
matched antibodies for negative controls. Results from these 
calculations are presented on over-layered histogram plots 
showing antigen and control staining. 

Murine hematopoietic precursors were analyzed from light- 
density BM and liver cells using the same live single-cell gating 
strategy as described above. Additionally, cells expressing mature 
murine Lin markers (CDS, GDI lb, CD45R, Gr-1 and TER-1 19) 
were excluded from analysis. 

Hematopoietic colony-forming cell (CFC) assay 

Human myeloid precursors, low proliferative potential (LPP)- 
CFCs and high proliferative-potential (HPP)-CFCs, were assayed 
as previously described [28] with some minor modifications. No 
serum was added to the cultures, instead a serum-deprived 
medium was used as detailed elsewhere [2]. Additionally the 
recombinant human cytokines, which do not support the growth 
of murine progenitors, were used at the following concentrations: 
kit ligand (KL) was used at 50 ng/ ml (R&D Systems, Minneapolis, 
MN, USA), granulocyte-macrophage colony-stimulating factor 
(GM-CSF) was used at 20 ng/ml (Immunex Corporation, Seattle, 
WA, USA) and interleukin-3 (IL-3) was also used at 20 ng/ml 
(Amgen, Inc., Thousand Oaks, CA, USA). 

Murine colony-forming units-culture (CFU-c) were assayed in 
triplicate 1 ml cultures as previously reported [29] with minor 
modification: serum-deprived medium [2] was used as the base 
medium with 20% fetal bovine serum (FBS; StemceU Technolo- 
gies, Canada) added. Growth was supported by the following 
recombinant cytokines rat kit ligand (rrKL; Amgen), mouse 
interleukin-3 (rmIL-3; R&D Systems) and mouse granulocyte- 
macrophage colony-stimulating factor (rmGM-CSF; BioLegend, 
San Diego, CA). Following 7 days incubation, colonies are 
enumerated and total CFU-c were calculated for each liver based 
on cell recoveries and the frequency of CFU-c detected. 

Immunofluorescence staining and epifluorescence 
microscopy 

Pieces of mouse li\ er wer(; fixc'd, embedded, sectioned with a 
cr)'Ostat and stained as previously described [30]. Primary and 
secondary antibodies used to stain the sections are hsted in Table 
SI. Slides were covered with ProLong Gold antifade reagent with 
40',6-diamidino-2-phenylindole (DAPI) (Life Technologies, Grand 
Island, NY, USA). Images were analyzed with a Leica CTR6500 
(Leica Microsystems, Buffalo Grove, IL, USA). Colocalization 
analysis was performed using iVision software (Bio Vision Tech- 
nologies, Exton, PA, USA). 

Statistical analyses 

Data charting and statistical analysis was performed using Aabel 
3 software (Gigawiz Ltd. Co. OK, USA). The numbers of animals 
evaluated are detailed in results section and figure legends. A bar 
chart is used to display mean ± standard error of CFC numbers. 
Cell numbers recovered from transplanted mice are presented on 
box plots with medians indicated by notches and whiskers 
extending to extreme data points. The 2-tailed Mann-Whitney 



PLOS ONE I www.plosone.org 



3 



May 2014 I Volume 9 | Issue 5 j e97312 



Hepatic Hematopoiesis by Human Cells in Adult Mice 



U-test was used to determine the significance of differences 
between groups of transplanted mice. A 2-tailed unpaired t-test 
was used to compare measurements of murine cells from 
untransplanted mice. A P-value of ^0.05 is considered significant. 

Results 

Mature human blood cells are found in the murine liver 

To determine if the murine liver can support human 
hematopoiesis, we first sought to confirm that human cells found 
in the liver are not simply the result of trapped peripheral-blood 
cells. Engraftment was evaluated in NOD-SCID mice transplant- 
ed with CD34"^CD45"*^ hFL ceUs. Analysis of the tissue 
distribution of human cells in a mouse with a high level (>50%) 
of BM engraftment shows liver engraftment but almost no human 
cells in peripheral blood (Fig. lA). Similar results were observed in 
3 additional mice (Fig. IB), as well as in an experiment performed 
using NSG mice (data not shown). This indicates that the bulk of 
the human cells harvested from the liver must reside in this organ, 
as opposed to being free-floating blood cells. 

The hneage composition of the human blood cells found in the 
liver was analyzed from transplanted NSG mice. The number of 
light-density liver cells recovered from transplanted mice was 
higher than that of untransplanted mice (Fig. 2A). Mice 
transplanted with 2 different preparations of hFBM and 5 
preparations of Lin~ LDFL all had human CD 14^ monocytes 



and CD 19"" B-cells present in their livers (Fig. 2B). CD3* T-cells 
were also detected in 15 of 18 animals, the majority of which were 
CD4"*" or CDS'*" single-positive (SP) T-cells, but low frequencies of 
double positive (DP) and double negative (DN) T-ceUs were also 
observed (Fig. 2C). As human T-ceU engraftment has been 
associated with GvHD in immunodeficient mice, we avoided 
inclusion of data from animals with indications of GvHD. Gross 
signs of GvHD (severe hair-loss and splenomegaly) were rarely 
observed and only long after transplant. Fig. S 1 shows an example 
of hematopoietic engraftment of the liver, associated with GvHD, 
observed 321 days after transplant. 

To ascertain if the mature blood cells developed from 
transplanted HSCs and not from long-lived mature cells present 
in the graft, we isolated highly enriched HSCs, CD38~CD34"*^ 
cells, and analyzed engraftment 144 days after transplant. Liver 
cells pooled from transplanted mice contained a mixture of 
myeloid and lymphoid cells (Fig. 2D). These included CD33"'" 
myeloid cells, most of which were CD 14"*" monocytic cells. Only a 
small number of CD 1,5^ granulocytes and CD235a"'' erythrocytes, 
which were likely depleted by the density separation procedure, 
were detected. Lymphoid cells were predominantly CD 1 9 B-cells, 
but SP, DP and very few DN CD3''" T-ceUs were also observed. 
CD56 CDS NK-cells were detected, the majority of which 
expressed CD 161 (not shown) and included both CD 16 and 
CD16" subsets (Fig. 2D). 




Figure 1. Engraftment of the murine liver with human blood cells. (A) A NOD-SCID mouse transplanted with human CD34**CD45* hFL cells 
was analyzed 71 days after transplant revealing high level engraftment of human CD45*CD59* cells in the BIVl, spleen and liver; no clear indication of 
circulating human cells was seen in the blood. (B) Box plot showing the median and range of human leukocyte engraftment in 4 transplanted NOD- 
SCID mice from 2 independent experiments analyzed at 67 and 71 days post transplant. Significant differences among all possible pair-wise 
comparisons are indicated. 
doi:10.1371/journal.pone.0097312.g001 
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Figure 2. Mature human blood cells in the murine liver. (A) Significantly more light-density liver cells were recovered from 3 mice transplanted 
with CD34"^CD38^ hFL cells than from untransplanted NSG mice. (B) Myeloid, lymphoid and erythroid engraftment observed 68-166 days after 
transplantation with hFBM or Lin" LDFL cells. (C) Distribution of T-cell subsets among CD3* T-cells in mice transplanted with hPBM cells. The numbers 
(n) of animals evaluated are indicate in the 3 box plots. (D) Flow cytometric analysis of light-density liver cells pooled from 3 NSG mice transplanted 
with CD34**CD38" hFL cells were analyzed 144 days after transplantation showing multilineage hematopoietic engraftment. T-cell subsets were 
evaluated by gating on CD3* cells as indicated. CD56* NK cells were defined by a low side-light scatter gate (not shown) and their lack of CD3 
expression. Numbers shown in the graphs represent the percentages of gated events among all CD59* human cells. 
doi:1 0.1 371 /journal.pone.009731 2.g002 



The liver contains a resident population of mast cells 

Mast cell engraftment of the liver has not been studied in 
humanized mice. Since the adult liver contains a resident 
population of mast cells [31], we investigated if these cells could 
develop in chimeric NSG mice. GDI 17^GD203c^ cells, express- 
ing low levels of GD45, were found among liver cells harvested 3 
months after transplantation with hFBM cells (Fig. 3A). 

Unlike other granulocytic lineages, mature mast cells are 
capable of proliferation. Thus, it was unknown if the mast cells 
detected in chimeric mice represented mast cells present in the 
graft and/or if they were the progeny of hematopoietic precursors. 
Therefore, we first studied if mast cells are present in midgestation 
hematopoietic tissues. Indeed, GD 1 1 7'*~''CD203c^ mast cells were 
observed among hFBM (Fig. 3B) and hFL cells (Fig. 3G). These 
cells mostly lacked expression of GD34, although a few 



GD34"*"GD1 ly^ cells were detectable - possibly representing a 
committed progenitor population. Phenotypic analysis of mast 
cells from hFL (Fig. 3G) revealed that these cells expressed GD9, 
GD13, GD33, GD45, GD49d, GD49e and low levels of FcsRIot. 
Lymphoid antigens such as GD3, GDI 9 and GD56 were not 
expressed, and negligible or low levels of CD 15 and HLA-DR 
were observed (data not shown). This antigen profile is consistent 
with GDI 17'^GD203c'^ representing a population of mast cells 
that is present in both the human fetal hematopoietic tissues and in 
the livers of transplanted mice [32-34] . 

To determine if NSG mice support the development of human 
mast cells, we transplanted mice with 2 X 10^ GD38"GD34"~*" cells. 
GD 1 1 7'^GD203c'^ mast cells were detected in these mice 187 days 
after transplantation, demonstrating mast cell development in 
NSG mice from an enriched HSG population (data not shown). 
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Figure 3. Mast cells are present in the liver of chimeric mice and in human prenatal development. (A) Light-density liver cells, pooled 
from 9 chimeric mice, were analyzed 89 days after transplantation with hFBM cells. CD1 1 7"^CD203c* mast cells are indicated by the rectangular gate, 
which also express low levels of CD45. (B) CD1 17**CD203c* mast cells were found in human hFBM at 20 weeks' gestation, which also express low 
levels of CD34 and CD45. (C) CDl 17**CD203c* mast cells were observed in hPL at 18 weeks' gestation. Antigen expression on CD1 17"^ mast cells, 
gated as indicated in the dot plot, are shown using histograms. The frequency of positive cells, relative to isotype controls shown in grey outline, are 
indicated in each plot. 
doi:l 0.1 371 /journal.pone.009731 2.g003 



Human hematopoiesis in the murine liver 

We next sought to determine if human hematopoiesis occurs in 
the livers of transplanted NSG mice by examining markers that 
define stages of hematopoietic difierentiation. CD34'''CD45^ cells 
were observed in the liver (Fig 4A) and putative HSCs expressing 
high levels of CD34, low levels of CD 133 and lacking CD38 
expression were also observed. Committed progenitors were 
observed based on the presence of CD38"^ and CD133~ cells 
expressing a spectrum of CD34. 

Lineage-committed progenitors were obser\'ed including 
CD19'^CD34"^ B-cell progenitors and myeloerythroid progenitors 
expressing CD33 but not CD19 (Fig 4B). We also observed a 
spectrum of CD 14 expression, suggestive of monocytic cells at 
various stages of differentiation. We were able to document the 
presence of erythroid precursors in livers coming from mice with 
high levels of hematopoietic chimerism (mean = 61% human cells 
in the BM, n = 4). Immature CD235a'""CD71^ erythroid cells 
were seen as well as some CD34"^ cells expressing high levels of 
CD71. 

Hematopoietic colony formation by liver cells 

Human myeloid CFC potential was assayed from the livers of 
transplanted NOD-SCID mice and flow cytometry was used to 
show that the number of CD34+ and CD133"'CD34++ liver cells 
correlated with the number of GFCs detected (Fig. 4C). Four of 
the 5 transplanted mice yielded colonies, whereas no colonies grew 
from an untransplanted mouse. The majority of the colonies were 
LPP-CFC derived, but HPP-CFC were detected in 4 mice (Fig. 4C 
and D). 

Hepatic engraftment by different sources of 
hematopoietic progenitors 

We evaluated NSG mice transplanted with diflerent sources of 
HSGs to determine if the origin of the cells affected their abiUty to 
engraft the liver. Twenty-three mice were transplanted with 7 hFL 
preparations and analyzed 68-166 days after transplant (Fig. 5A). 
These were compared to mice transplanted with 2 different hFBM 
samples analyzed 85 and 92 days after transplant. There was no 
significant difference in the frequency of CD34"'' cells found among 
Ught-density liver cells from mice transplanted with either hFL or 
hFBM, indicating that either source of HSGs could reconstitute 
liver hematopoiesis. Moreover, human hematopoiesis was ob- 
served in the livers of mice 31-32 weeks of age (166 days after 
transplant) demonstrating that the murine liver can support 
hematopoiesis well into adulthood. 

Liver and BM engraftment was compared in chimeric mice to 
determine if there was any correlation between the frequencies of 
human cells found in the liver and the BM. Data were compiled 
from mice transplanted with eithc-r liFL or hFBM cells. The 
frequencies of human GD59^ cells in the BM of 29 transplanted 
mice varied over a broad range of 7.9 to 86.4%. The percentages 
of GD34'^ cells among human cells in the BM of these samples 
ranged from 1.0-22.6%. Comparison of the BM data to the 
frequencies of CD34''" cells found in the liver (Fig. 5A) showed no 
correlation (data not shown). Cases of high chimerism in the liver 
were found associated with low levels of BM engraftment and vice 



versa. No case of liver engraftment was observed in the absence of 
any detectable BM engraftment. 

Hematopoietic engraftment of the liver was also evaluated after 
secondary BM transplantation. Secondary recipients were trans- 
planted with BM equivalent to the content of 'MV'/o of a mouse's 
femur harvested 68 days after the initial transplant with 1x10 
Lin~ LDFL cells. Human HSCs residing in the BM of the primary 
recipients had reconstituted liver hematopoiesis by 91 days after 
secondary transplant (Fig. 5A) to a similar extent as primary 
transplants of hFL and hFBM cells (P > 0.05). 

Liver and BM engraftment were compared between NOD- 
SCID and NSG mouse strains (Fig. 5B). Median engraftment of 
human CDSg"^ cells in the BM of NOD-SCID mice was 0.62% (n 
= 14) and 7.28% in NSG mice (n = 10) (P < 0.001; data not 
shown). Similarly, the median percentage of CD34"'" cells in the 
BM and liver was 4.4-fold (P = 0.006) and 10.5-fold (P = 0.008) 
higher, respectively, in NSG mice than in NOD-SCID mice 
(Fig. 5B). These results are consistent with past reports that the 
greater immunodeficiency of NSG mice, specifically their lack of 
NK-cells, makes this strain of mice a more permissive host for 
human cells than NOD-SCID mice [35]. 

To investigate if hematopoietic engraftment of the liver is a 
result of using fetal HSCs, we evaluated engraftment in mice 
transplanted with Lin UCB cells harvested at term (38-39 weeks' 
gestation). Four experiments were performed in which 2-6x10^ 
UCB cells were transplanted into 3 NSG mice for each 
experiment. Reconstitution was analyzed after 84—147 days. The 
median level of human engraftment (CD59* cells) in the BM of the 
12 mice was only 0.14% (range 0 - 5.5%). CD34"^ cells were 
detected in the BM of only 8 of the 12 mice. Despite the low levels 
of BM engraftment, CD34 cells were also detected in the livers of 
5 mice and CD38"CD133"^CD34"^ cells were observed in 3 of 
these mice. Results from one of these mice are shown in (Fig. 5C). 
Although reconstitution with UCB cells was generally less vigorous 
than with fetal cells, hver engraftment was also observed using this 
source of neonatal HSCs. 

The liver contains transplantable HSCs 

Liver cells harvested from transplant recipients were re- 
transplanted to determine if HSCs capable of sustained multi- 
lineage hematopoietic reconstitution are present in the liver. 

Primary recipients were transplant(;d with 5x10 total hFBM cells 
(22 weeks' gestation) and the liver cells were harvested 89 days post 
transplant. Analysis of liver cells pooled from 9 mice indicated that 
CD38"CD34'^ and CD 1 33''CD34'^ ceUs were in the cell 
preparation, suggesting the presence of HSCs (Fig. 6A). Secondary 
hosts were transplanted with the equivalent of 90% of a single 
liver's content of light-density cells and engraftment was analyzed 
69 days later (Fig. 6B). Full hematopoietic reconstitution was 
observed in 2 of 3 transplanted mice. Human BM chimerism rates 
in the 3 mice were 0.1%, 3.0% and 7.9%. The recipient with the 
lowest level of chimerism lacked detectable erythroid reconstitu- 
tion but myeloid, B-cell and CD34^ cell engraftment was detected. 
Moreover, in the recipient with the highest level of human cells, 
CD38"CD34'^ and CD133""CD34'^ HSCs and CD7"^CD56'' 



PLOS ONE I www.plosone.org 



7 



May 2014 I Volume 9 | Issue 5 | e97312 



Hepatic Hematopoiesis by Human Cells in Adult Mice 






PLOS ONE I www.plosone.org 



8 



May 2014 | Volume 9 | Issue 5 | e97312 



Hepatic Hematopoiesis by Human Cells in Adult Mice 



Figure 4. Human hematopoiesis in tKie livers of mice transplanted with fetal cells. (A) Hematopoietic precursors are present in the liver of a 
mouse analyzed 130 days after being transplanted with 1 xlO*" hFL cells. Filled arrows identify CD38"CD34"^ and CD133*CD34"^ cells, possible HSCs, 
whereas open arrows point to committed progenitors. (B) Various committed hematopoietic progenitor populations are evident in the liver including 
B-cell progenitors and myeloid progenitors shown from among CD19" human cells.The bottom row of data shows immature erythroid cells that 
express low levels of CD235a and high levels of CD71 as indicated by the arrows. Data are from 4 pooled livers analyzed 148 days after 
transplantation with 2x10^ Lin" hFL cells. (C) HPP-CFC and LPP-CFC responsive to human-specific cytokines were assayed from the light-density 
livers cells harvested from 5 transplanted and 1 untransplanted NOD-SCID mice. Mice were analyzed 30 days after transplant with 1x10' hFBM cells 
of 23 weeks' gestation. Lines indicate the total number of CD34*'"^ and CD133*CD34** cells (right axis) shown on top of a bar chart of colony 
numbers (left axis). (D) A photomicrograph of representative myeloid colonies grown from liver cells shows both a large HPP-CFC-derived colony and 
smaller LPP-CFC-derived colonies. The size of the colonies can be gauged from the 2 mm grid shown in the background. 
doi:10.1371/journal.pone.0097312.g004 



NK-cells were observed (Fig. 6B). These findings indicate that 
transplantable HSCs were among the donor liver cells. 

Hematopoiesis in the livers of old mice 

Since our findings with the xenogeneic transplant model point 
to the murine liver retaining hematopoietic fijnction throughout 
life, we examined if murine hematopoiesis could be detected in 
very old mice. Hepatic hematopoiesis has not been previously 
examined in very old mice and our findings with immunodeficient 
mice may be affected by the perturbed hematopoiesis in these mice 
as well as species-specific factors affecting human hematopoiesis in 
the murine liver. 

Liver cells were harvested from 2-year old Balb/cJ and 1-year 
old C3H/HeJ mice. Flow cytometric analysis revealed expression 
of CD48 and CD 150 among lineage-depleted liver cells that 
shared similarity with the pattern observed in the BM (Fig. 7A). 
Murine HSCs are found among CD48"CD150'' cells [36], which 
were observed in the livers of both strains of old mice. Low 
number of Sea- 1 "^CD 11 7"*" lineage-depleted cells, likely represent- 
ing hematopoietic precursors [37], were also detected among liver 



cells. Gating on these Sca-1''"CD1 17'"' cells further revealed a small 
population of CD48~CD150'^ cells in the liver, thought to be 
highly enriched in HSCs (Fig. 7B) [36]. In addition, myeloid CFU- 
c were detected from year-old Balb/ cj and C57BL/6J mice, with a 
trend towards higher numbers being detected in Balb/cJ mice. 
Observation of CFU-c supports the phenotypic evidence indicat- 
ing ongoing hematopoiesis in the livers of old mice. 

Hematopoietic engraftment by intra-splenic injection 
without cytoablation in uPA-NOG mice 

We evaluated the potential to further humanize our murine 
model of hepatic hematopoiesis by performing hFL transplants on 
uPA-NOG mice. The urokinase-type plasminogen activator 
(uPA)-transgene expressed in the liver of these mice, under an 
albumin promotor, has been shown to confer an engraftment 
advantage for adult human hepatocytes, resulting in the formation 
of a chimeric liver [26] . Our aim was to determine if engraftment 
of non-hematopoietic elements, such as hepatocytes, could be 
achieved to allow for study of the interactions between these cells 
and the human hematopoietic cells in a small animal model. 




Figure 5. Liver engraftment by different sources of HSCs. (A) Engraftment of liver CD34* cells after transplantation with 1 x10^-2x10'' hFL or 
2x10' hFBM cells. Also shown is hepatic CD34* cell reconstitution by secondary (2 ) transplanted hFL cells obtained from the BM of the primary 
recipients. (B) Liver CD34* cell engraftment is compared in NOD-SCID and NSG mice. Mice were analyzed 30 days after transplant with 1 xio' hFBM 
cells of 1 8 or 20 weeks' gestation. Data represent the frequency of CD34* cells among all live cells. (C) An example of a low, but detectable, level of 
liver hematopoiesis observed 122 days after transplantation of 2x10^ UCB cells. 
doi:10.1371/journal.pone.0097312.g005 
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Figure 6. Hematopoietic reconstitution following transplanta- 
tion of chimeric liver cells. (A) Phenotypic analysis of light density 
liver cells pooled from 9 mice harvested 89 days after transplant with 
hFBIVI cells reveals evidence of CD38"CD34++ and CD133*CD34++ cells. 
These cells were used for transplantation into secondary recipients. (B) 
An example of the multilineage reconstitution of the BM of a secondary 
recipient 69 days after transplantation with chimeric liver cells. Arrows 
identify CD38"CD34++ and CD133+CD34++ candidate HSCs and 
CD7++CD56* NK cells. 
doi:l 0.1 371/journal.pone.009731 2.g006 

Engraftment of uPA-NOG mice was achie\ ed by intra-splenic, 
transplants without the use of irradiation for cytoablation owing to 
the delicate health status of this strain of mice. Liver engraftment 
was evaluated 75 to 82 days after transplant of erythrocyte- 
depleted LDFL cells in 4 uPA-NOG mice. The light-density cells, 
collcctccl l)y bench-top sedimentation, were analyzed for hemato- 
poietic reconstitution. Abundant GDI 9"^ B-cells, CD 3 3^ myeloid 
cells and a small population of GD71"^CD235a^ erythroid 
precursors were observed (Fig. 8A). Potential HSCs 



(CD38"CD34'^ and CD133''CD34'^ and committed progeni- 
tors (CD38"'CD34'" and CD133"CD34"*) were also detected. 

Hematopoietic engraftment following intra-splenic transplanta- 
tion was also evaluated in the BM and spleens of uPA-NOG and 
NSG mice. In the BM, human GD59^ cells represented a range of 
0.7-5.6% in uPA-NOG (n = 4) and 0.4-25% in NSG (n= 3) 
mice. Multilineage engraftment was detected in 3 of the 4 uPA- 
NOG mice and 2 of the 3 NSG mice as evinced by the detection of 
CD235a"^ erythrocytes, CDH"" monocytes, CDig"" B-cells and 
CD34"'" progenitors (Fig. 8B). Erythrocytes were undetectable in 
the fourth uPA-NOG mouse, despite the presence of the other cell 
types. B-ceUs were the only cell type positively identified in the 
third NSG mouse with partial engraftment. Thus, hematopoietic 
engraftment can be achieved in immunodeficient mice using intra- 
splenic transplantation without prior cytoablation. 

Liver engraftment of uPA-NOG mice by non- 
hematopoietic cells 

Quickly sedimenting, high-density cells from uPA-NOG mice 
were found to contain a population of CD45~CD14^ cells that 
was less prevalent in NSG mice (Fig. 8C). CD45"^ cells, including a 
few CD45*CD14"'" monocytic cells, were observed in both strains 
of mice. Although CD14 is expressed on hepatocytes, recent 
evaluation of these CD45~ cells indicated that they were liver 
sinusoidal endothelial cells (LSECs), not hepatocytes [27]. 

CD45"^ cells, including a few CD45^CD14^ monocytic cells, 
were also observed in both strains of mice. Staining of liver 
sections shows CD45* cells dispi;rsed throughout the liver, 
sometimes in small clusters, as well as in the vessels and the Uver 
sinusoids (Fig. 9). Additionally, LSECs growing in colonies 
surrounding mouse hepatocytes were obserx^ed corresponding to 
the CD45 CD 14 cells observed by flow cytometry. High 
magnification photomicrographs reveal association of small round 
leukocyte populations with both murine and human non- 
hematopoietic cells. Moreover, the human LSECs, identified by 
CD34 expression, were observed to direcdy interact with 0045"*" 
cells in the sinusoids of the mouse liver. 

Discussion 

The liver plays a vital role in hematopoiesis during prenatal 
development and has been known to contribute to extramedullary 
hematopoiesis during times of hematopoietic insufficiency. How- 
ever, little is known of the regulation of hepatic hematopoiesis in 
adults and its contribution to steady-state and stressed hemato- 
poiesis. It is believed that HSCs reside in the adult liver. In mice, it 
has been shown that young adults harbor transplantable stem cells 
in the liver [11-13]. We extend this finding to show that even mice 
as old as 2 years have evidence of ongoing hepatic hematopoiesis. 
In humans, the data supporting the presence of HSCs in the liver 
rests on the observation of cells with the phenotypic charactt'ristics 
of HSCs [15] and the observations of hematopoietic chimerism 
that can arise, in some cases, after liver transplantation [18-20]. 
Herein, we demonstrate that the adult murine liver can support a 
population of human HSCs and their development into multiple 
blood cell lineages. The existence of HSCs in the liver is supported 
by observations made by flow cytometric phenotyping, assay of 
HPP-CFC and, most convincingly, by the functional observation 
that liver cells can reconstitute BM hematopoiesis in secondary 
transplant recipients. 

The evidence for ongoing human hematopoiesis in the murine 
livers includes the observation of a spectrum of CD34 expression 
as well as expression of CD38, a marker of committed 
hematopoietic progenitors [6,38]. High levels of B-lymphopoiesis 
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Figure 7. Hematopoietic stem and progenitor cells are present in the livers of old mice. Phenotypic analyses of hematopoietic stem cells 
and progenitors present in the light-density fraction of BIVl and livers of 2-year old Balb/cJ or 1-year old C3H/HeJ mice (A). Arrows identify populations 
of either CD48"CD150* or Sca-1 *CD1 17* cells. Data depicted include live, single cells based on lack of PI staining and low lineage expression. Data 
from Balb/cJ and C3H/HeJ strains are compared to a negative isotype control shown in the left column. The Sca-1*CD117* population contains a 
CD48^CD150* population in both the BM and liver of old mice (B). Events were gated for Sca-1 *CD11 7*Lin" single-live cells. Myeloid CFU-c were 
measured among light-density cells harvested from livers of 1-year old Balb/c and C57BL/6 mice (C). CFU-c per liver was calculated based on the 
frequencies of CFU-c shown and cell counts. Results are shown as the mean measurements on 3 or 4 mice of each strain. Note that the graph on the 
right represents data shown on a logarithmic scale. 
doi:1 0.1 371 /journal.pone.009731 2.g007 



were indicated by the co-expression of CD34 and CD 19 [39]. 
Murine livers also supported a population of mature CD 14"*" 
monocytic cells, which may have developed from CD33*CD34"'" 
myeloid progenitors found in the livers [40]. However, very few 
CD 15* cells were observed, indicating a general lack of 
granulopoiesis in the liver [41]. In this regard, murine Gr- 
l^Mac-l* cells have been observed in small numbers in the mouse 
liver parenchyma possibly representing mature granulocytes [42] . 
Alternatively, these cells could instead represent immature myeloid 
cells [43] and may, therefore, be the precursors of the 
comparatively more abundant monocytic cells found in the liver. 
We detected human LPP-CFC with myeloid lineage-potential as 
predicted by the flow cytometric analyses. CD 14 expression occurs 
late in the development of monocytes, after the loss of CD34 
expression, so does not mark a progenitor population [44]. 
Nonetheless, the spectrum of CD 1 4 expression observed is further 
evidence of ongoing monocyte maturation occurring in the liver. 

Mature T-ceUs and NK-cells were present in some livers, but 
these cells may have developed in other hematopoietic tissues or 
survived from the initial graft and subsequendy migrated to the 
liver [42]. Nonetheless, the observation of DP CD4+CD8* T-ceUs 
in the liver, like those found in the thymus, supports previous 
observations that the murine liver can be a site of human T- 
lymphopoiesis [45] . Studies in mice have also shown the liver to be 



a site of extrathymic T-lymphopoiesis [12]. The murine hepatic T- 
cells tend to express CD 122, intermediate levels of the T-ceU 
receptor and about half belong to the subset of NKT-cells 
expressing the NK 1 . 1 antigen. Other less common subsets of T- 
cells found enriched in the murine liver include yS T-ceUs and DN 
T-ceUs (CD3*CD4"CD8" cells) [46,47]. We did not evaluate T- 
ceU receptor expression in our humanized mice, but our analysis of 
CD4 and CD8 expression did not reveal a sizable subset of DN T- 
ceUs. Indeed, most T-ceUs were of the DP phenotype as also 
observed by Choi et al. after intrahepatic xenotransplantation 
[45]. 

Human mast cells were detected in the livers of transplanted 
mice as in the human liver where they are believed to play diverse 
roles in liver disease and transplant rejection [31]. Mast ceUs are 
specificaUy identified by their expression of CD203c and high 
levels of CDl 17, the receptor for KL [34]. Indeed, KL is a critical 
factor for the development of mast cells and mice deficient in this 
cytokine lack mast ceUs [48] . Murine KL can support the growth 
of human cells [49], and this growth factor is known to be 
expressed in the liver, where it also plays a role in the growth of 
hepatocytes [50,51]. The hepatic mast cells may have, therefore, 
developed from engxafted hematopoietic precursors either in the 
BM or directly in the liver. This supported by our observation that 
CD38 CD34** ceUs gave rise to mast cells. Additionally, some 
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Figure 8. Hematopoietic reconstitution of uPA-NOG mice. (A) Adult mice were transplanted with erythrocyte-depleted hFL cells by intra- 
splenic injection. No irradiation was used for pre-transplant cytoablation. Engraftment was evaluated 75 - 82 days after transplant. Digested liver cell 
suspensions were separated into quickly-settling high-density and the remaining, low-density, cells. The light-density cells were analyzed for 
hematopoietic reconstitution. Note the presence of CD19* B-cells, CD33* myeloid cells, possible immature erythroid elements (arrow, 
CD71++CD235a* cells) and CD34* hematopoietic stem (CD38~CD133*) and progenitor cells (CD38*CD133"). (B) Multilineage hematopoietic 
engraftment was also observed in the BIVI of a uPA-NOG mouse. (C) High-density cells isolated from uPA-NOG transplanted mice contained 
CD45~CD14* cells likely representing liver endothelial cells as well as CD45* hematopoietic cells (C). The same population of CD45~CD14* cells was 
much less prevalent in NSG mice. 
doi:1 0.1 371/journal.pone.009731 2.g008 



mature mast cells in the graft may have survived and proliferated 
in the murine liver. The hFL is a known source of mast cell 
precursors from which mast cells can be readily grown in culture 
[52]. To our knowledge, however, mature mast cells have not been 
previously reported in the midgestation fetus. Analysis of hFBM 
and hFL cells revealed a population of cells with the phenotypic 
characteristics like those of mast cells cultured from hFL [32,33]: 
these cells expressed the common leukocyte antigen CD45, 
myeloid antigens CD 13 and CD33, CD9, the adhesion molecules 
CD49d and CD49e, and only very low levels of the IgE receptor. 
Our findings demonstrate that hepatic and BM mast cells develop 
prenatally in human ontogeny and their survival and possible 
development, is supported by the murine liver. 

Our observation that the adult mouse Kver supports human 
hematopoiesis and is populated by a spectrum of mature human 
blood cells offers the possibility to study human hepatic 



hematopoiesis and hepatic immune functions in an animal model. 
However, some caution in interpretation of findings in this 
xenogeneic mouse model are warranted. A number of murine 
hematopoietic growth factors such as IL-3, IL-4, IL-15, M-CSF 
and GM-CSF are not active on human cells and, thus, the multiple 
stages of hematopoiesis are likely to be affected in particular the 
myeloid, erythroid and NK-cell lineages [53] . For instance, human 
monocytes found in the liver must be supported by growth factors 
other than murine M-CSF and GM-CSF. Engrafted hFBM cells 
were shown to produce cytokines, including M-CSF, raising the 
possibility that hepatic monocyte development is supported by 
human growth factors [54]. Robust human B-lymphopoiesis was 
also observed, but whether this was a consequence of the 
underlying immunodeficiency of the host is not clear. Serum 
levels of murine IL-7, a critical B-ceU growth factor, are 
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Figure 9. Human cells engrafted in the mouse liver. Human B2M* cells (green) are seen growing as colonies in the parenchyma (top row). 
These cells are small elongated cells located around mouse hepatocytes and lining sinusoids, indicative of LSECs. Human CD45* leukocytes (green) 
are found dispersed throughout the liver parenchyma as well as in some blood vessels (middle row). Note the presence of small clusters of 
leukocytes. LSECs stain brightly for CD34 (green) and are shown to be in close contact with the human CD45* leukocytes (bottom row). Mouse cells 
are stained in the top two rows using anti-H-2K'' (red) and blue staining represents nuclei stained with DAPI. The fold-magnification used is indicated 
for each photograph. 
doi:1 0.1 371 /journal.pone.009731 2.g009 



undetectable in NSG mice [55], but elevated localized production 
of this cytokine in the liver is a possibility. 

During fetal development, the human liver is exceptionally 
erythropoietic [3,4], which wanes early in life. We observed only 
low levels of erythropoiesis in the adult chimeric liver. However, 
previous reports have noted depressed human erythropoiesis in 
chimeric mice [56], and our own experience analyzing the BM of 
chimeric NSG mice confirms a trend toward lower levels of 
erythropoiesis than either myelopoiesis or B-lymphopoiesis (Fig. 7 
and unpubhshed data). There is also controversy as to whether 
murine erythropoietin is as active on human as mouse cells [57- 
59]. Any possible deficiency in EPO stimulation may also be 
compounded by the lack of cross-reactivity of murine GM-CSF 
and other growth regulatory molecules leading to depressed 
human erythropoiesis in the murine BM and liver. Moreover, 
oncostatin M is thought to play a major role in the inhibition of 
post-natal erythropoiesis and hepatic hematopoiesis in general 
[60]. 

Mice with humanized livers play an important role in the study 
of liver disease [61]. Animal models for human diseases are needed 
to reproduce and study the complexity of cellular interactions that 
take place through all the stages of pathology and its resulting 
immune response. As the liver is comprised of many different 
cellular elements, the challenge is to construct humanized mice 
that have both liver parenchymal cells as well as a fully functional 
immune .system. We recendy described the uPA-NOG mouse as a 
permissive host for adult, but not fetal, human hepatocytes [26,27] 
and, herein, we demonstrate hematopoietic reconstitution of these 
mice as well. When transplanted with hFL cells, LSECs can 



engraft at much higher levels in uPA-NOG mice than NSG mice. 
We show interaction of these LSECs with leukocytes in the liver 
sinusoids, which should allow future study of the in vivo 
interactions of these cells and the potential role of LSECs in 
hematopoiesis. We are also currendy pursuing methods to foster 
fetal hepatocyte engraftment in uPA-NOG mice to bring us a step 
closer to being able to construct mice with livers containing all the 
cellular elements found in the human liver. 

Supporting Information 

Figure SI Human engraftment in the livers of mice with 
indication of graft versus host disease. Light-density liver 
cells were pooled from 10 livers harvested 321 days after 
transplantation of NSG mice with 2x10' FBM cells. Mice 
exhibited extensive hair loss and/or enlarged spleens suggestive 
of graft versus host disease. Numbers shown in the plots indicate 
the percentage of parental events in the indicated gate. (A) The 
pooled liver cells were analyzed for the presence of live-single 
human cells as indicated. (B) Multiple hematopoietic lineages were 
detected among the human cells, including a high frequency of T- 
ceUs. AH numbers shown in the plots indicate the percentage of 
gated events observed among live-single human cells. 
(PDF) 

Table SI Antibodies used in this study. 

(PDF) 

Checklist SI The ARRIVE GuideUnes Checklist. 

(PDF) 



PLOS ONE I www.plosone.org 



13 



May 2014 | Volume 9 | Issue 5 | e97312 



Hepatic Hematopoiesis by Human Cells in Adult Mice 



Acknowledgments 

We thank the staff and faculty al San Francisco General Hospital Women's 
Options Center for assistance in the collection of human fetal tissues. We 
are also indebted to ihe administrative staff at Blood Systems Research 
Institute for their tireless assistance. 

References 

1. Migliaccio 0, Migliaccio AR, Petti S, Mavilio ¥, Russo G, et al. (1986) Human 
embryonic hemopoiesis. Kinetics of progenitors and precursors undedying the 
yolk sac — liver transition. J Clin Invest 78: 51-60. 

2. Golfier F, Barcena A, Cruz J, Harrison M, Muench M (1999) Mid-trimester fetal 
livers are a rich source of CD34+/-H- cells for transplantation. Bone Marrow 
Transplant 24: 451^61. 

3. Rowley FT, Ohlsson-Wilhelm BM, Farley BA (1978) Erythroid colony 
formation from human fetal liver. Proc Nad Acad Sci U S A 75: 984-988. 

4. Muench MO, Namikawa R (2001) Disparate regulation of human fetal 
erythropoicsis by the mieroenvironments of the liver and bone marrow. Blood 
Cells Mol Dis 27: 377-390. 

5. Barcena A, Muench MO, Galy AH, Cupp J, Roncarolo MG, et al. (1993) 
Phenotypic and functional analysis of T-cell precursors in the human fetal liver 
and thymus: CD? expression in the early stages of T- and myeloid-cell 
development Blood 82: 3401-3414. 

6. Muench MO, Cupp J, Polakoff J, Roncarolo MG (1994) Expression of CD33, 
CD38, and HLA-DR on CD34+ human fetal liver progenitors with a high 
proliferative potential. Blood 83: 3170-3181. 

7. Muench MO, Roncarolo MG, Namikawa R (1997) Phenotypic and functional 
e\idencc tor the expression of CD4 by hematopoietic stem cells isolated from 
human fetal liver. Blood 89: 1364-1375. 

8. Charbord P, Tavian M, Humeau L, P6ault B (1996) Early ontogeny of the 
human marrow from long bones: an immunohistochemical study of hemato- 
poiesis and its microenvironment. Blood 87: 4109-4119. 

9. Golfier F, Barcena A, Harrison MR, Muench MO (2000) Fetal bone marrow as 
a source of stem cells for in utero or postnatal transplantation. Br J Haematol 
109: 173-181. 

10. Golden-Mason L, O'FarrcUy C (2002) Having it all? Stem cells, hacmatopoicsis 
and lymphopoiesis in adult human liver. Immunol Cell Biol 80: 45-51. 

11. Watanabc H, Miyaji C, Seki S, Abo T (1996) c-kit+ stem cells and thymocyte 
precursors in the livers of adult mice. J Exp Med 184: 687-693. 

12. Abo T, Kawamura T, Watanabe H (2000) Physiological responses of 
extrathymic T cells in the Hver. Immunol Rev 174: 135—149. 

13. Taniguchi H, Toyoshima T, Fukao K, Nakauchi H (1996) Presence of 
hematopoietic stem cells in the adult Hver. Nat Med 2: 198-203. 

14. Kotton DN, Fabian AJ, Mulligan RC (2005) A novel stem-cell population in 
adult liver with potent hematopoictic-reeonstitution activity. Blood 106: 1574- 
1580. 

15. Crosbie OM, Reynolds M, McEntee G, Traynor O, HegartyJE, et al. (1999) In 
vitro evidence for the presence of hematopoietic stem cells in the adult human 
Hver. Hepatology 29: 1193-1198. 

16. Xiao M, Dooley DC (2000) CeUular and molecular aspects of human CD34H- 
CD38- precursors: analysis of a primitive hematopoietic population. Leuk 
Lymphoma 38: 489-497. 

1 7. Wang XQ, Lo CM, Chen L, Cheung CK, Yang ZF, et al. (20 1 2) Hematopoietic 
ehimerism in liver transplantation patients and hematopoietic stem/progenitor 
cells in adult human liver. Hepatology 56: 1557-1566. 

18. Collins RH, AnastasiJ, Terstappen LW, Nikaein A, FengJ, et al. (1993) Brief 
report: donor-derived long-term multiHneage hematopoiesis in a liver-trEmsplant 
recipient. N Engl J Med 328: 762-765. 

19. Ueda M, Hundrieser J, Hisanaga M, Tanaka K, Wonigeit K, et al. (1997) 
Development of microchimerism in pediatric patients after Hving-related Hver 
transplantation. Clin Transplant 11: 193-200. 

20. Nierhoff D, Hor\'ath HC, Mytilineos J, GoUing M, Bud O, et al. (2000) 
Microchimerism in bone marrow-derived CD34(-I-) cells of patients after liver 
transplantation. Blood 96: 763-767. 

21. Wulf-Goldenberg A, Keil M, Fichtner 1, Eckert K (2012) Intrahepatic 
transplantation of CD34+ cord blood stem ceUs into newborn and adult 
NOD/SCID mice induce differential organ cngraftment. Tissue CeU 44: 80-86. 

22. Traggiai E, Chicha L, MazzuccheUi L, Bronz L, Piffaretti JC, et al. (2004) 
Development of a human adaptive immune system in cord blood ceU- 
transplanted mice. Science 304: 104—107. 

23. Varga NL, Barcena A, Fomin ME, Muench MO (2010) Detection of human 
hematopoietic stem cell engraftment in the livers of adult immunodeficient mice 
by an optimized flow cytometric method. Stem Cell Stud 1: e5. 

24. Barcena A, Muench MO, Song KS, Ohkubo T, Harrison MR (1999) Role of 
CD95/Fas and its ligand in the regulation of the growth of human CD34(-I-I- 
)CD38(-) fetal liver ceUs. Exp Hematol 27: 1428-1439. 

25. Muench MO, Suskind DL, Barcena A (2002) Isolation, growth and 
identification of colony-forming ceUs with erythroid, myeloid, dendritic ceU 
and NK-cell potential from human fetal liver. Biol Proced Online 4: 10—23. 

26. Suemizu H, Hasegawa M, Kawai K, Taniguchi K, Monnai M, et al. (2008) 
Establishment of a humanized model of liver using NOD/Shi-scid lL2RgnuU 
mice. Biochem Biophys Res Commun 377: 248-252. 



Author Contributions 

Conceived and designed the experiments: MOM AB. Performed the 
experiments: MOM AIB MEF RT USM AB. Analyzed the data: MOM 
AIB MEF RT USM AB. Contributed reagenls/materials/analysis tools: 
MN HS. Wrote the paper: MOM AIB MEF RT USM AB. 



27. Fomin ME, Zhou Y, Beyer Al, Pubhcover J, Baron JL, et al. (2013) Production 
of Factor \'lll by Human Li\'er Sinusoidal Endothelial CeUs Transplanted in 
Immunodeficient uPA Mice. PLoS ONE 8: c77255. 

28. Namikawa R, Muench MO, Firpo MT, Humeau L, Xu Y, et al. (1999) 
Administration of Flk2/Flt3 ligand induces expansion of human high- 
proHferative potential colony-forming ceUs in the SCID-hu mouse. Exp Hematol 

27: 1029-1037. 

29. Muench MO, Schneider JG, Moore MA (1992) Interactions among colony- 
stimulating factors, IL-1 beta, lL-6, and kit -ligand in the regulation of primitive 
murine hematopoietic cells. Exp Hematol 20: 339-349. 

30. Fomin ME, Tai LK, Barcena A, Muench MO (2011) Coexpression of CD14 
and CD326 discriminate hepatic precursors in the human fetal liver. Stem Cells 
Dev 20: 1247-1257. 

31. Francis H, Meininger CJ (2010) A review of mast cells and liver disease: What 
have we learned? Dig Liver Dis 42: 529-536. 

32. Nilsson G, Forsberg K, Bodger MP, Ashman LK, Zsebo KM, et al. (1993) 
Phenotypic characterization of stem cell factor-dependent human foetal Hver- 
derived mast cells. Immunology' 79: 325—330. 

33. Shimizu Y, Irani AM, Brown EJ, Ashman LK, Schwartz LB (1995) Human mast 
cells derived from fetal liver cells cultured with stem cell factor express a 
functional CD51/CD61 (alpha v beta 3) integrin. Blood 86: 930-939. 

34. Ghannadan M, Hauswirth AW, Schemthaner GH, Muller MR, Klepetko W, et 
al. (2002) Detection of novel CD ant%ens on the surface of human mast ceUs and 
basophils. Int Arch AUergy Immunol 127: 299-307. 

35. Macchiarini F, Manz MG, Palucka AK, Shultz LD (2005) Humanized mice: are 
we there yet? J Exp Med 202: 1307-1311. 

36. Kiel MJ, Yilmaz OH, Iwashita T, Yilmaz OH, Terhorst C, et al. (2005) SLAM 
family receptors distinguish hematopoietic stem and progenitor cells and reveal 
endothelial niches for stem cells. Cell 121: 1 109-1 121. 

37. Okada S, Nakauchi H, Nagayoshi K, Nishikawa S, Miura Y, et al. (1992) In vivo 
and in vitro stem cell fimction of c-kit- and Sea- 1 -positive murine hematopoietic 
ceUs. Blood 80: 3044-3050. 

38. Terstappen LW, Huang S, Safford M, Lansdorp PM, Loken MR (1991) 
Sequential generations of hematopoietic colonies derived from single nonline- 
age-committed CD34-KCD38- progenitor cells. Blood 77: 1218-1227. 

39. Loken MR, Shah VO, Dattilio KL, Civin CI (1987) Flow cytometric analysis of 
human bone marrow. 11. Normal B lymphocyte development. Blood 70: 1316- 
1324. 

40. Biihring HJ, Asenbauer B, Katrilaka K, Hummel G, Busch FW (1989) 
Sequential expression of CD34 and CD33 antigens on myeloid colony-forming 
ceUs. EurJ Haematol 42: 143-149. 

41. Terstappen LW, Safford M, Loken MR (1990) Flow cytometric analysis of 
human bone marrow. III. Neutrophil maturation. Leukemia 4: 657-663. 

42. Yamamoto S, Sato Y, Shimizu T, Haider RC, Oya H, et al. (1999) Consistent 
infiltration of thymus-derived T cells into the parenchymal space of the liver in 
normal mice. Hepatology' 30: 705-713. 

43. Ostrand-Rosenbcrg S, Sinha P (2009) Myeloid-derived suppressor ceUs: linking 
inflammation and cancer. J Immunol 182: 4499-4506. 

44. Terstappen LW, Loken MR (1990) Myeloid ceU differentiation in normal bone 
marrow and acute myeloid leukemia assessed by multi-dimensional flow 
cytometry. Anal CeU Pathol 2: 229-240. 

45. Choi B, Chun E, Kim M, Kim SY, Kim ST, et al. (2011) Human T ceU 
development in the liver of humanized NOD/SCID/II^2Ry(nuH)(NSG) mice 
generated by intrahepatic injection of CD34(-I-) human (h) cord blood (CB) ceUs. 
Clin Immunol 139: 321-335. 

46. Ohteki T, Seki S, Abo T, Kumagai K (1990) Liver is a possible site for the 
proliferation of abnormal CD3-I-4-8- double -negative lymphocytes in autoim- 
mune MRL-lpr/lpr mice. J Exp Med 172: 7-12. 

47. Ohteki T, Abo T, Seki S, Kobata T, Yagita H, et al. (1991) Predominant 
appearance of gamma/ delta T lymphocytes in the Hver of mice after birth. 
EurJ Immunol 21: 1733-1740. 

48. Bernstein A, Chabot B, Dubreuil P, Reith A, Nocka K, et al. (1990) The mouse 
W/c-kit locus. Ciba Found Symp 148: 158-66; discussion 166-72. 

49. Smith K\, Zsebo KM (2001) Measurement of human and murine stem eeU 
factor (e-kit ligand). Curr Protoe Immunol Chapter 6: Unit 6.17. 

50. Fujio K, Hu Z, Evarts RP, Marsden ER, Niu CH, et al. (1996) Coexpression of 
stem ceU factor and c-kit in embryonic and adult Hver. Exp CeU Res 224: 243- 
250. 

51. Ren X, Hogaboam C, Carpenter A, CoUetti L (2003) Stem ceU factor restores 
hepatocyte proHferation in IL-6 knockout mice foUowing 70% hepatectomy. 
J Clin Invest 112: 1407-1418. 

52. Irani AA, NUsson (}, Miettincn U, Craig SS, Ashman LK, et al. (1992) 
Recombinant human stem ceU factor stimulates differentiation of mast ceUs from 
dispersed human fetal Hver ceUs. Blood 80: 3009-3021. 



PLOS ONE I www.plosone.org 



14 



May 2014 I Volume 9 | Issue 5 | e97312 



Hepatic Hematopoiesis by Human Cells in Adult Mice 



53. Chen Khoury M, Chen J (2009) Expression of human cytokines dramatically 
improves rcconstitution of specific human-blood lineage cells in humanized 
mice. Proc Natl Acad Sci U S A 106: 21783-21788. 

54. Kollmann TR, Kim A, Zhuang X, Hachamovitch M, Goldstein H (1994) 
Reconstitution of SCID mice with human lymphoid and myeloid cells after 
transplantation with human fetal bone marrow without the requirement for 
exogenous human cytokines. Proc Natl Aead Sci U S A 91: 8032—8036. 

55. Simpson-Ahclson J\IR. Sonnenbcrg GY, 'I'akita H. Yfikola SJ, Conway 'IT, et al. 
(2008) Long-term engralhnmt and expansion of tumor-derived memory T cells 
following the implanlalion of non-disrupted pieces of human lung tumor into 
NOD-scid IL2Rgamma(null) mice. J Immunol 180: 7009-7018. 

56. Kyoizumi S, Baum CM, Kaneshima H, McCune JM, Yee EJ, et al. (1992) 
Implantation and maintenance of function£il human bone marrow in SCID-hu 
mice. Blood 79: 1704-1711. 



57. Nieolini I'E, Holyoake TL, Cashman JD, Chu PP, Lambie K, et al. (1999) 
Unique dilfcrcntiation programs of human fetal li\'er stem cells shown both in 
vitro and in vivo in NOD/SCID mice. Blood 94: 2686-2695. 

58. Divoky V, Prchal JT (2002) Mouse surviving solely on human erythropoietin 
receptor (EpoR): model of human EpoR-linked disease. Blood 99: 3873^; 
author reply 3874-5. 

59. Yu X, Lin CS. Costanrini V. Noguehi CT (2001) The humain erythropoietin 
reeepior gene rescue^ cia ihropoiesis and developmental defects in the 
erythropoiclin receptor null mouse. Blood 98: 475-477. 

60. Kinoshila T, Sekiguehi T, Xu MJ, Ito Y, Kamiya A, et al. (1999) Hepatic 
differentiation induced by oncostaUn M attenuates fetal liver hematopoiesis. 
Proc Nad Acad Sci U S A 96: 7265-7270. 

61. Katoh M, Tateno C, Yoshizato K, Yokoi T (2008) Chimeric mice with 
humarrized liver. Toxicology 246: 9—17. 



PLOS ONE I www.plosone.org 



15 



May 2014 I Volume 9 | Issue 5 | e97312 



